Abstract The bactericidal effect on the representative type of Gram-negative Escherichia coli (E. coli) and Gram-positive Bacillus subtilis in drinking water was investigated in this paper by using dielectric barrier discharge (DBD) advanced oxidation technology. The sterilizing rates under different conditions of reaction time t, input voltage V , pH value, and initial concentration of bacteria C0 were investigated to figure out the optimum sterilization conditions. Our observations and comparisons of cell morphology alteration by scanning electron microscopy and transmission electron microscopy revealed the sterilization mechanisms. The results showed that the sterilizing rate increased obviously with the extension of reaction time t and the rise of input voltage V . The optimal sterilization effect was achieved when the pH value was 7.1. As the initial concentration of bacteria rose, the sterilizing rate decreased. When the input voltage was 2.2 kV and the initial concentration of bacteria was relatively low, the sterilizing rate almost reached 100% after a certain treatment time in neutral aqueous solution. The reasons for the great damage of cell structure and the killing of bacteria are the oxidation of O3, OH and the accumulation of active species produced by DBD. The article provides a certain theoretical and experimental basis for DBD application in water pollution treatment.
Introduction
A great amount of existing pathogenic microorganisms in water, especially the invasive organisms, has beset the water treatment industry for some time. The pollution of pathogenic microorganisms in drinking water may lead to the spread of disease, causes severe harm, and propagates widely [1] . In the drinking water industry, the traditional disinfection method of drinking water generally adopts Cl 2 as a disinfectant; however, this can produce disinfection byproducts during disinfection process such as trihalomethanes (THMs) and haloacetic acids (HAAs) etc. which are carcinogenic, teratogenic, mutagenic, and genotoxic to human body [2] . Therefore, a more superior disinfection method is needed to solve these problems. In order to obtain better treatment efficiency and optimize economic efficiency, new methods of advanced oxidation processes (AOP) have been developed, such as O 3 /H 2 O 2 , UV/O 3 , TiO 2 /UV, Fenton's reagents, and catalytic ozonation, which can produce hydroxyl radicals in these systems [3−6] . Many reviews show that the strong plasma discharge of a dielectric barrier has been able to remove refractory organics [7] , microcystins (MC) [8] , and pathogenic microorganism [9] etc. in water. With strong oxidation, quick reaction, no secondary pollution, the active species of O 3 , ·OH, O + 2 and others have a broad-spectrum sterilization function, and they can destroy the external structure of bacteria and invade the cell interior [10−12] .
The discharge pattern of dielectric barrier discharge (DBD) is based on the use of a discharge electrode plate covered with a dielectric barrier, such as glass, quartz, ceramics, mica and alumina etc. There are strict requirements for dielectric barriers in order to prevent spark formation, eliminate electrode corrosion, and distribute the discharge almost uniformly over the entire electrode area. Due to the high-frequency voltage between the plates, the discharge process can form a micro-discharge of filament shaped pulse, which has strong energy to excite molecules or atoms to produce quantities of active species [13] . DBD, such as excellent stability, low noise, high electron energy, adaptation to the industrial requirement of great quantity water, make it a relatively more effective sterilization method than other conventional methods, such as ethylene oxide, autoclaving, dry heat, gamma ray, and UV irradiation in killing microorganisms [14, 15] . In the self-made generator, silver was sintered into a discharge plate electrode and then sprayed with a thin dielectric layer of ultrafine powder of Al 2 O 3 (330 µm) in the outer. The earth electrode was a hollow plate processing with stainless steel, and a cavity was used for temperature regulation of the plasma reaction process by feeding with liquid or gas. The earth electrode also was sprayed a thin layer of dielectric on the surface. There were gaps (width = 0.2 mm) between the discharge plate electrode and the earth electrode so that the strong discharge plasma was filled in two microgaps.
Based on the research on active species production and its wide application, a system used for drinking water treatment was set up in this study. The active species with high concentration and high energy formed in the system were utilized for killing the microorganisms in the drinking water, including Escherichia coli (E. coli) and Bacillus subtilis (BSN). The influence of the main factors, including input voltage V , reaction time t, pH, and the initial concentration of bacteria C 0 on sterilizing rate, was studied to optimize the sterilization condition. The inner and outer changes of Gramnegative and Gram-positive bacteria were also observed before and after the experiment through scanning electron microscopy (SEM) and transmission electron microscopy (TEM). A corresponding mechanism of the system for microorganisms killed by active species will also be discussed in the present paper, which may provide certain theoretical basis for further applications of the DBD technology.
Experiment

Experimental apparatus
In our research, the experimental system makes the aqueous solution contain a large number of active species, as shown in Fig. 1 . The experimental setup adopts the strong plasma discharge technique of a dielectric barrier discharge by transforming 220 V/50 Hz AC power to a high-frequency voltage 2.5 kV/5 kHz. After converting the voltage, the power is input to the two upper and lower discharge electrode plates (19.5 cm×10 cm×1 cm, coated by metal materials of silver, then sintered, and cooled by circulation water) which are covered with a dense insulating thin dielectric layer of α-Al 2 O 3 , and the 0.2 mm gap is filled with O 2 (99.99%, 6 L/min). When the high-frequency voltage is applied to the two plates, the discharge process can form a micro-discharge of filament shaped pulse. The electric field strength can surpass 500 Td, the average electron energy can exceed 13 eV, and the electron density can attain 10 15 /cm 3 . This system, which belongs to the strong ionization discharge, is far higher than other similar dielectric barrier discharges in electronic energy production. Electrons from the electric field cause the O 2 molecules to become excited and ionized, and then ion clusters form. The discharge process involves a complex reaction including decomposition, ionization, charge exchange etc. to generate the active species of [16−19] .
Then, the active species are rapidly injected into the dissolution reactor by a venturi jet device and mixed fully with water, which flows circularly by pump (1000 L/h). The water mixes continuously with the active species in the reactor during the operation process. To separate the remaining gas of O 3 and O 2 in the water, the mixed liquid enters a gas-liquid separator. Thus, the gas is discharged through a pipeline, and the water finally returns to the reservoir for cyclic treatment. 
Sample preparation of bacterial cells
E. coli (ATCC8099) and Bacillus subtilis (ATCC9372) were cultured in a liquid beef extract peptone mediums. Then the mediums were kept in a gas soluble constant temperature oscillator at 37
• C, at a speed of 180 rpm for 16 h. In the sterile environment, the culture medium and the bacteria were separated in a high speed centrifuge at speed of 4000 rpm for 10 min.
Then 50 mL of the extracted bacteria liquid was added with a 0.85% saline solution and sterile water to attain 500 mL of bacteria liquid in a conical flask.
Experimental and analytic methods
Sterilization process
The flow of oxygen and water circulation remained unchanged when the equipment was running. The contents of ozone and active species in water were changed by adjusting the input voltage. In different conditions, 250 mL solution containing active species produced by the generator was added to the bacteria liquid. After being fully mixed, 9 mL of sodium thiosulfate solution was added immediately to end the reaction when each sample was taken at different times of 10 s, 20 s, 30 s, 40 s, 50 s, 60 s and 4 min, 8 min, 12 min, 16 min, 20 min for E. coli and BSN. Using the plate count method to calculate the colony forming units (cfu/mL), the treated samples and the blank samples were inoculated in the culture plate (each sample was coated on three plates to record the average data) and kept culture at 37
• C for 48 h. The sterilizing rate was determined as follows:
where C t represents the cfu of treated sample, and C 0 is the initial cfu.
In the experiment, the concentrations of O 3 in water were determined by the iodometric method.
Scanning electron microscopy (SEM and TEM)
The pretreatment before scanning electron microscopy for E. coli and BSN was as follows. At first, the samples were centrifuged at 3000 g for 10 min at 25
• C to concentrate the cells. Using a 2% glutaraldehyde solution, the samples were fixed for the first time and they were then incubated at 37
• C. After fixing, the cells were washed three times with 0.02 M PBS at pH 7.0. As a post-fixating agent, the osmium tetroxide was taken twice by placing them in an incubator in the dark. After fixing, the samples were washed three times with 0.02 M PBS. The samples were dehydrated with ethyl alcohol in increasing concentrations from 30% up to 100% for 15 min, and then dried using hexamethyldisilazane and gold coated under vacuum. Finally, both untreated and treated samples were scanned and compared [20] . The morphological change of bacterial cells were visualized by SEM (S-4800 II FE-SEM, Hitachi High-Technologies corporation, Japan) and TEM (JEM-2100(HR), Japan Electron Optics Laboratory Co. LTD., Japan), both before and after treatment.
3 Results and discussion
Effect of impact factors on sterilizing rate
In this part of experiment, the bactericidal effect on E. coli and BSN treated by active species was analyzed using the sterilizing rate. The results showed that there were close relationships between the sterilizing rate and the conditions, including the input voltage V , the reaction time t, pH value and the initial concentration of bacteria C 0 . In these experiments, the flow of O 2 (6 L/min) and water circulation (1000 L/h) remained relatively invariable. By adjusting the output voltage (1.6 kV/1.9 kV/2.2 kV), the concentration of O 3 was changed in water. Every sample was taken three times, and then the average data were recorded. • C, V =2.2 kV, QO 2 =6 L/min, Qpump=1000 L/h, the initial concentration of E. coli Ce was 5.50×10
Effect of input voltage on sterilizing rate
6 cfu/mL, the concentration of BSN C b was 5.72×10
6 cfu/mL, the processing capacity was 500 mL
The energy output was determined by discharge voltage. Therefore, the input voltage was regarded as one of the most important parameters, as shown in Fig. 2 . With the increase of input voltage, the sterilizing rate increased prominently. With the extension of the reaction time, the killing rate increased gradually. The E. coli and BSN were treated for 60 s and 20 min respectively, the sterilizing rate almost reached 100%. After treatment for 60 s, the sterilizing rate on E. coli could reach 96.61% and close to 100.00% (Not detected), respectively, when V was 1.6 kV and 2.2 kV. While keeping the same V , the sterilizing rates on BSN were 84.89% and 99.99% after treatment for 20 min. It was believed that higher discharge power enhanced the inactivation effect. Under different voltages (1.6 kV/1.9 kV /2.2 kV), it was indicated that the quantity of active species produced by DBD increased with the enhancement of energy input by measuring the concentration of O 3 in aqueous solution. The direct relation between the generation of active species and the input voltage is illustrated in Fig. 3 . At V =2.2 kV, the concentration of O 3 reached 8.90 mg/L. Fig.3 The O3 concentration at different input voltages
Effect of pH value on sterilizing rate
In order to investigate the effect of pH value in aqueous solution on sterilizing rate, specific experiments were conducted under different pH values of 6.3, 7.1 and 8.2. In Fig. 4 , it was revealed that the pH value distinctly affected the sterilizing rate. The result showed that the sterilizing rate on E. coli was 97.98% when the pH was 6.3 after treatment for 40 s, while BSN was 98.21% after treatment for 20 min. The different sterilization time of two kinds of microorganism is mainly due to the different cell structure of Gram-negative bacterial and Gram-positive bacterial. The Gram-positive bacteria can produce a large number of spores, which have strong anti-oxidative ability. At a pH below 7, the typical half-life time of ozone was prolonged. The stability of ozone was enhanced and played a dominant role in sterilization. A pH from 7 to 10 was favorable for O 3 to be decomposed, and then produced hydroxyl radical which had stronger oxidation, but decomposition speed of ·OH was also accelerated in alkaline solution, leading to a declined bactericidal effect [21] . Therefore, as shown in the curves, at pH=7.1, this condition was more conducive to kill bacteria than both the acidic and the alkaline conditions.
Effect of initial concentration of bacteria on sterilizing rate
As shown in Fig. 5 , as the initial concentration of bacteria rose, the sterilizing rate decreased. At C e =2.65×10
4 cfu/mL, the sterilizing rate on E. coli was 64.38% after treatment for 10 s, and 40 s later it got close to 100% (not detected).
At
4 cfu/mL, 4 min and 20 min later, the sterilizing rate on BSN could reach 67.71% and 99.12%, respectively. C e was even increased by two orders of magnitude, and the sterilizing rate on E. coli almost attained 100.00% (not detected) after 50 s, while for BSN a sterilizing rate higher than 99% was detected within 20 min. • C, V = 2.2 kV, QO 2 = 6 L/min, Qpump = 1000 L/h, the processing capacity was 500 mL, Ce = 4.36×10 6 cfu/mL, C b = 6.38×10 6 cfu/mL. • C, V = 2.2 kV, QO 2 = 6 L/min, Qpump = 1000 L/h, the processing capacity was 500 mL 3.2 The bactericidal mechanism analysis by SEM and TEM
We used SEM and TEM to observe the morphological changes of the bacteria. Fig. 6 compares the results before and after treatment. Before treatment the cell morphology was perfect and the cell showed cylindrical, well-stacked shape, and the outer edge was smooth and clear. In contrast, the cell showed a shrunken, dry, irregular shape, with local damage and there was a rough shadow around it (i.e. the cell structure was destroyed and the contents were leaked) after treatment. Since the partially and totally empty cells were largely deformed, the original form could not be kept, which led to cell death. The significant change of the cell's internal structure was exposed by contrasting the images before and after treatment, see Fig. 7 . The internal characteristics became blurred, and the number of inclusions reduced remarkably, which indicated a cytoplasmic leak. The external structures of the cells (cell membrane and cell wall) were desalinated, illustrating that the external structure of the cell was destroyed.
Since O 3 was unstable in aqueous solution, O 3 could react as a prospective oxidant via a direct reaction route involving molecular ozone or in an indirect route including various high-activity intermediates that stemmed from its decomposition. Ozone decomposition generated ·OH, H 3 O + and so on through chain reaction. Meanwhile, hydroxyl radicals were also produced through the following routes: The mechanisms of sterilization using active species produced by DBD were presumed as follows:
(1) Research has shown that the reason why bacteria were killed was the damage via strong oxidation (such as O 3 , ·OH) to the cell wall, the cell membrane, cytoplasm, genetic material etc [22, 23] . The alpha amino acids in the cell wall were oxidized and decomposed by hydroxyl radical and ozone, and the protective effect of cross-linked network structure on the osmotic pressure was destroyed, so that the cells ruptured. At the same time, the permeability of cell membrane increased, which caused the cell inclusions to leak and so the cell morphology changed. The chemical activity of active species could bring about a progressive disintegration of cell structure so that the radicals decomposed enzymes and genetic material after damaging the outside structures [24−26] . Meanwhile, O 3 could penetrate into the cell and the sterilization purpose would be achieved once the interior of enzyme, DNA, protein, etc were oxidized [27] . (2) The accumulation of charged particles adhering outside of the cell could cause damage to the cell structure. When the intensity of electric field generated by the charged particles was high enough, it could change the three dimensional structure of proteins, and even separate the proteins from cell membrane, this created larger pores in the cell membrane and then weakened it. The cytoplasm could leak out of the cell through these holes, which caused cell death [28] . According to the present results, it can be concluded that the active species can cause great damage to cell structure and effectively kill bacteria.
Conclusions
In this research, a system used for drinking water treatment was set up to create active species of O 3 , O − 2 , H 3 O + and ·OH etc. The active species were used to kill microorganisms, including E. coli and BSN in the drinking water. In the system, the bactericidal effect of active species produced by DBD was studied, the effects of impact factors on sterilizing rate were investigated, and the sterilization mechanism was analyzed. In summary, in the sterilization experiment of Gram-negative E. coli and Gram-positive BSN, a higher V has a better bactericidal effect. The optimal sterilization effect can be achieved under neutral conditions. As the initial concentration of bacteria rises, the sterilizing rate decreases. When the input voltage is 2.2 kV and the initial concentration of bacteria is relatively low, the sterilizing effect is affirmative in neutral aqueous solution. By SEM and TEM experiment, it is confirmed that the active species generated by DBD can damage the cell structure and have a broad-spectrum sterilization function. Thus, this technology has a promising application prospect in drinking water treatment.
